Abstract. In this paper, the Arbitrary Lagrangian Eulerian formalism is used to compute the steady state of a 3D U-shaped cold roll forming process. Compared to the Lagrangian case, this method allows the use of a refined mesh near the tools, leading to an accurate representation of the bending of the sheet with a limited computational time. The main problem of this kind of simulation is the rezoning of the nodes on the free surfaces of the sheet. A modified iterative isoparametric smoother is used to manage this geometrically complex and CPU expensive task.
INTRODUCTION
Being a progressive and continuous process, in which small amounts of forming are applied at each pass of rolls, cold roll forming is largely employed to bend a long strip of sheet blank into a desired cross-sectional profile via roller dies.
As the sheet is continuously bent and plastically deformed along a linear axis in order to progressively shape to the desired contour, a complex three dimensional surface is developed. The material at different positions is formed by different strain paths.
In order to obtain defect-free products, the amount of change in each pass must be limited so that the required bends can be formed without the occurrence of plastic longitudinal elongations. This is essential to the strip edges, where the presence of larger deformation can be detected.
Analytical and experimental approaches have been employed for the study of cold roll forming of simple profiles or pipe sections. In order to analyze more complex profiles and to obtain in details the distribution of stress and strains in the formed sheet, numerical methods need to be exploited.
Following this trend, a 3D finite element analysis has been involved in a previous work [1] to study the deformation of the strip during and after the forming process. A classical Lagrangian formulation was successfully used to compare the simulation with experimental data. However, these 3D models become very CPU expensive due to the large number of finite elements that must be used to get an accurate solution. An alternative approach, considering the Arbitrary Lagrangian Eulerian (ALE) formulation [2, 3, 4, 5] , has been investigated. This formalism allows to obtain the stationary solution of the process with a minimal number of finite elements.
This work has been introduced in the software METAFOR [2] , the non-linear finite element code developed at the ASMA/LTAS-MC&T, University of Liège, Belgium.
ALE FORMALISM
In order to find the solution of steady state processes by numerical simulation with the classical Lagrangian formulation, very large and useless meshes have to be considered. For example, when dealing with the roll forming simulation, the whole sheet has to be finely discretized along its length even if the results obtained between each set of tools don't need a refined mesh in the final stationary state. However, these small finite elements cannot be enlarged because a fine mesh is needed when they will reach a pair of rolls and go through it. They are thus required in order to reach an accurate steady state solution. Moreover, each surface node is potentially in contact with the corresponding upper/lower rolls as the simulation progresses in time. Consequently, the CPU time soon becomes very large as the required accuracy increases.
Another approach is the well-known Eulerian formulation: the medium flows through the mesh, which is fixed in space. However, boundary conditions are rather difficult to handle particularly frictional contact and free surfaces.
The Arbitrary Lagrangian Eulerian formulation was introduced to overcome these problems. The mesh can be handled by the software, irrespective of the body motion, so that both previous formulations can be obtained as particular cases if the mesh sticks to the body or is fixed in space. In such a formulation, each time step is divided into two phases: the first one is purely Lagrangian and the second one the ALE phase. The latter is a rezoning phase, where the nodes are moved according to mesh quality considerations, followed by a convective Eulerian phase, where the the values stored at the Gauss points are updated. In order to avoid oscillations and instability, efficient convection algorithms have to be used. In the present paper, a "Godunov-type update", based on a finite volume method, is proposed.
REZONING PHASE

Basic methods
The main task concerning the creation of the ALE numerical model is the definition of the movement of the mesh respectively to the body motion. There exists as many methods as different mechanical problems. The rezoning strategies usually depend on the position of the node to be moved on the CAD geometry of the model. They can be classified according to the topological entity (vertex, edge, side, volume) it belongs to.
In our approach, nodes laying on the vertices may move in a Lagrangian or Eulerian way. They may be fixed along one given direction.
Nodes laying on the edges are remeshed using a spline curve that goes through the Lagrangian position of the nodes. The new position is computed from the initial curvilinear coordinate of the node (mesh topology is then kept unchanged during all the simulation irrespective of the edge deformation).
The nodes inside the volume are moved using a transfinite mapping mesher or traditionnal volumic smoothing algorithms.
Plane surfaces
Nodes laying on the free planar sides may be moved with the classical smoothing methods [6] that are commonly used for improving the mesh quality after a remeshing operation. Among these method the Laplacian smoothing is the most famous due to its simplicity. Unfortunately, in its simplest form, this smoother is not able to handle non uniform structured mesh (the algorithm tends to give each cell of the mesh the same area). In the case of the roll forming process, this kind of mesh is very useful. The structure of the mesh helps for a given number of elements to achieve a better accuracy on the results than an unstructured one. Moreover, it is efficient to define small cells near the contact regions and larger cells far from them. Keeping this in mind, many other methods, like Giuliani's method [7] , the angle smoother [8] , "area pull" smoother [9] , have to be discarded.
In the case of a structured mesh of graded elements, the isoparametric smoother [10] seems to be a good alternative. The basic idea is to reposition the node to the centre of an isoparametric element associated with the neighboring nodes (see figure 1 ) :
where nel is the number of cells containing the node. This iterative method is usually speeded-up by a Successive Over-Relaxation (SOR) algorithm. Another technique available for planar surface meshed with a structured grid is the complete remeshing with a transfinite mapping method [2, 5] . Compared to the previous ones, it has the big advantage to be non iterative, thus very fast.
Curved surfaces
One of the biggest problem dealing with the three dimensional ALE formalism is the rezoning of the nodes laying on curved boundary sides of the mesh. Due to discretization, the faceted surface is not smooth as soon as the curvature is not zero. Consequently, the nodes cannot be moved on the facets without changing the total volume of the 3D mesh and destroying the global shape of the surface.
The extension of the one dimensional "spline remesher" used for the edges is then proposed to deal with this problem. At each time step, during the rezoning phase, a spline surface is built over each side of the mesh. The spline is a set of bi-linear patches constructed on each facets, considering cubic shaped edges. The resulting surface is not a full cubic patch (twist terms are missing) but the curvature is well approximated and it is really faster. The shape of the cubic The surface rezoning is then an iterative process. For each node, an approximation of the normal vector is computed (see figure 3) :
where nbf is the number of surface facets neighboring the node. Figure 2 shows a surface mesh around a node before the rezoning phase. Once the normal is computed, classical 2D smoothers may be used on the tangent plane ( figure 3 ). The resulting position is then projected on the spline described above (figure 4). The projection algorithm must also be able to search the projection outside the neighboring facets if the rezoning method moves the node far from its original position. 
Eulerian boundaries
When dealing with stationary processes, a space region must usually be defined (by boundary planes that we call "Eulerian boundaries") in order to prevent the mesh from going outside this specified region. Great care must be taken with the nodes that may cross an Eulerian boundary during the Lagrangian step. A direct projection of the node on the boundary is not enough to prevent mesh distortions from occuring. That is why a specific rezoning strategy has been created for them : the node that has crossed the boundary is placed at the intersection of the most perpendicular edge starting from this node and the boundary.
CONVECTION PHASE
Once the new mesh has been successfully computed, the convection step may begin. When non linear problems are considered, some important values, like the stress tensor or the equivalent plastic strain, are stored at the Gauss points and have to be updated from the Lagrangian mesh to the new one. This convective step consists of solving a classical convection equation, which can be written :
where σ is a value stored at the Gauss point (e.g. a component of the stress tensor), w j is the relative velocity between the new mesh and the Lagrangian mesh and χ is the coordinate system associated with the new mesh. Although this scalar equation is well-known in fluid mechanics, it is rather difficult to solve it because σ is not a continuous field but is only defined at the Gauss points. Consequently, the gradient cannot be easily evaluated.
In order to overcome this problem, the values can be extrapolated and averaged to the mesh nodes and the The Godunov-update technique was firstly introduced by Casadei, Donéa and Huerta [11, 12] . This method can be useful on structured meshes of hexahedral hybrid finite elements (8 Gauss points are used to integrate all the values except pressure, for which 1 point is used to prevent locking). It consists of dividing each finite element into eight (one for the pressure) cells surrounding each Gauss point (the figure 5 shows the element split in a 2D case). The finite volume mesh required for convecting the pressure is equivalent to the finite element mesh. These auxiliary meshes are automatically built at the beginning of the simulation during the preprocessing and are updated at each time increment to correctly follow the Lagrangian mesh.
The field to be transferred is assumed to be constant on each cell and thus discontinuous across them. The finite volume problem is solved by the classical Godunov method and an explicit Euler scheme is used for the time integration. The resulting update formula [11] is given below for the cell s :
where ∆t is the time step, V s is the volume of the cell, N s is the number of boundary facets of the cell (6 in in the case of an hexahedron), σ c i is the value of the adjacent cell sharing the boundary i with the cell s, α is an upwind factor and f i is the flux of σ across the boundary i.
This explicit numerical scheme is conditionally stable. Practically, the largest allowable displacement of the mesh is the smallest length of the mesh. As it can be very FIGURE 6. Initial configuration of the ALE simulation FIGURE 7. Refined mesh in the neighborhood of the contact regions restrictive for refined mesh, a sub-stepping method has been added to manage larger displacements without the need of creating a highly memory and CPU consuming implicit scheme. However if the number of sub-steps is too large (this criterion is given by the user), the step is refused and restarted with a smaller time step (leading to smaller displacements of the mesh).
NUMERICAL SIMULATION OF COLD ROLL FORMING PROCESS
Model definition
A symmetrical U-channel is formed by a process divided in 6 pairs of forming rolls (diameter = 210 mm) separated by 500 mm (figure 6). On each roll, the forming angle increases along the forming direction (i.e. 15, 30, 45, 60, 75 and 90 degrees).
The dimension of the sheet is 3500 x 200 x 1 mm and only one half of the process is modeled due to symmetry. The material is elastoplastic (E = 210 GPa and ν = 0.3) with a linear isotropic hardening rule σ e = σ e 0 + hε pl with σ e 0 = 150 MPa and h = 500 MPa. Frictionless rigid rolls are considered and the motion of the sheet is imposed on the symmetry plane (actually, in the real process, the rolls are rotating and friction forces the sheet to advance). This simplification avoids to consider the convection of friction in the ALE algorithm.
Contact is taken into account using the penalty method. Dynamic effects are neglected (implicit quasistatic algorithm).
A lot of different strategies can be used to reach the steady state of this process. For example, the simulation could be divided into two steps. The first one could be purely Lagrangian. During this step, the sheet would be introduced through the rolls until the front reaches the end of the machine. At this time, a second ALE step, during which the mesh of the sheet would be fixed in the rolling direction, could begin until the steady state is obtained. The main problem of this procedure is the large number of contact nodes required during the first phase. Indeed, in this case, each surface node may be in contact with any roll. Moreover, in order to get a good convergence, a uniform mesh should be used (that is actually what we want to avoid).
An alternative strategy is then preferred : as far as only the final stationary state of the sheet is interesting, the first step is modified in such a way that the computation is faster (but far from the reality). The lower rolls are initially separated from the upper ones and the sheet is initially placed between them (see figure 6 ). As the sheet is already in the good position according the the rolling direction, the first step can be computed using the ALE formalism too. The lower rolls go up one by one bending the sheet of metal (this actually looks like a deep drawing process).
Using this method, the mesh can be refined near the contact areas (lengths vary from 25 mm far from the rolls to 5 mm close to them) a limited number of contact elements can thus be defined. In the perpendicular direction, smaller element sizes are also used close to the expected position of the fold (lengths vary from 10 to 2 mm). Consequently, the resulting mesh is structured but non uniform (see figure 7) .
The edges of the sheet are remeshed using spline curves. As the sheet is meshed using only one element through the thickness, no volumic node rezoning strategy is needed. One boundary plane is defined at the front of the mesh (beyond the last roll). This surface is used to cut the Lagrangian mesh at the end of each Lagrangian step of each time step. At last, both main sides of the mesh are modified using the spline method described in the previous section combined with an isoparametric smoother. In order to improve the convergence rate, the nodal positions are initialized with the previous positions. 
Results
The results are shown in figures 8 and 9. The first step of the simulation is depicted in figure 8 . At this moment, the rolls have bent the sheet and are in the correct position compared to the industrial process. The movement of the sheet is carried on until the solution reaches a steady state (see figure 9) .
At the beginning of the second step, the front of the sheet is almost straight (see figure 10) . Due to the ALE convection, the free surface mesh deforms (figure 11) propagating the bending from the rolls until the front. Later, the U-shaped sheet is obtained when the stationary solution is reached ( figure 12 ).
CONCLUSIONS AND FUTURE WORK
A first simulation of a 3D cold roll forming process using the Arbitrary Lagrangian Eulerian has been presented. The ability of managing efficiently the free surfaces of the sheet has been proven. However, this model can be improved : friction could be taken into account and the motion of the sheet could result from the rotation of the rolls.
This simulation will then be compared to a Lagrangian one and to physical experiments. To reach this goal, a special procedure must be created in order to compute efficiently the longitudinal elongation of the sheet. This result is easily available in the Lagrangian case but needs an incremental updating procedure in the case of the ALE mesh. Another interesting aspect is the computation of the springback when the sheet is formed and leaves the tools. In this case, the rolls could be removed using a third Lagrangian step.
